To go beyond the disconnectivity hypothesis of schizophrenia, directed (effective) connectivity was measured between 94 brain regions, to provide evidence on the source of the changes in schizophrenia and a mechanistic model. Effective connectivity (EC) was measured in 180 participants with schizophrenia and 208 controls. For the significantly different effective connectivities in schizophrenia, on average the forward (stronger) effective connectivities were smaller, whereas the backward connectivities tended to be larger. Further, higher EC in schizophrenia was found from the precuneus and posterior cingulate cortex (PCC) to areas such as the parahippocampal, hippocampal, temporal, fusiform, and occipital cortices. These are backward effective connectivities and were positively correlated with the positive symptoms of schizophrenia. Lower effective connectivities were found from temporal and other regions and were negatively correlated with the symptoms, especially the negative and general symptoms. Further, a signal variance parameter was increased for areas that included the parahippocampal gyrus and hippocampus, consistent with the hypothesis that hippocampal overactivity is involved in schizophrenia. This investigation goes beyond the disconnectivity hypothesis by drawing Downloaded from https://academic.oup.com/cercor/article-abstract/30/3/1213/5543640 by guest on 07 April 2020 1214 Cerebral Cortex, 2020, Vol. 30, No. 3 attention to differences in schizophrenia between backprojections and forward connections, with the backward connections from the precuneus and PCC implicated in memory stronger in schizophrenia.
Introduction
Schizophrenia is a disorder often characterized by positive, cognitive, and negative symptoms (Mueser and McGurk 2004) , which may have different neurobiological bases (Rolls et al. 2008; Rolls 2012a) . The positive (psychotic or thought disorder) symptoms may include hallucinations, delusions, and paranoia. The cognitive symptoms may include a failure to maintain attention, and deficits in short-term memory that is required to maintain attention. The negative symptoms may include reduced emotion and motivation, including reduced hedonia. It has been shown that the major difference between patients is in the negative symptoms , measured with the positive and negative syndrome scale (PANSS) (Kay et al. 1987) .
The etiology and neuropathophysiological mechanism of this debilitating and severe disorder remain unclear. Evidence for structural and functional deficits in the brain of schizophrenia has been developed into a disconnectivity hypothesis (Friston and Frith 1995) . More direct evidence for the disconnectivity hypothesis comes mainly from functional magnetic resonance imaging (fMRI) studies, particularly resting-state fMRI studies, which have shown widespread functional disconnectivity in distributed brain networks in schizophrenia (Khamsi 2012; Smith 2012; Friston et al. 2016; Northoff and Duncan 2016) . However, very consistent patterns and principles of altered connectivity in schizophrenia remain somewhat elusive (Meyer-Lindenberg 2010; Whitfield-Gabrieli and Ford 2012; Northoff and Duncan 2016) . In one study, first-episode patients had many differences in functional connectivity (FC) involving the inferior frontal gyri (Broca's area), and these changes were correlated with delusion / blunted affect .
Resting state FC, which reflects correlations in the activity between brain areas, is widely used to help understand human brain function in health and disease (Deco and Kringelbach 2014; Cheng et al. 2016 ). Here we go beyond FC to effective connectivity (EC) between different brain areas to measure directed influences of human brain regions on each other. EC is conceptually very different, for it measures the effect of one brain region on another in a particular direction, and can in principle therefore provide information more closely related to the causal processes that operate in brain function, that is, how one brain region influences another. In the context of disorders of brain function, the EC may provide evidence on which brain regions may have altered function, and then influence other brain regions, by comparing EC in patients and control participants.
In this paper we utilize a new approach to the measurement of EC in which each brain area has a simple dynamical model, and known anatomical connectivity is used to provide constraints (Gilson et al. 2016; Gilson et al. 2018; . This helps the approach to measure the EC between the 94 automated anatomical atlas (AAL2) (Rolls et al. 2015) brain areas using resting-state fMRI. (The names of the AAL2 areas are shown in Supplementary Table S1 , and the areas can be viewed with the Mricron viewer.) Moreover, we show how the approach can be used to measure the differences in EC between different groups of individuals, using as an example EC in the healthy brain and in individuals with schizophrenia. This results in the first brain-wide resting state effective-connectivity neuroimaging analysis of schizophrenia.
Materials and Methods

Participants
There were 180 patients with a diagnosis of schizophrenia, and 208 healthy controls. The patients were from Taiwan (Veteran General Hospital, Taipei), and the Center for Biomedical Research Excellence (COBRE, http://fcon_1000.projects.nitrc.org/ indi/retro/cobre.html) (Mayer et al. 2013; Cheng et al. 2015a ). All patients were diagnosed according to the DSM-IV diagnostic criteria by qualified psychiatrists using a best estimate procedure that utilized all available clinical information including a diagnostic interview, clinical case notes, the clinician's observations, and informant reports. Symptom severity was measured using the PANSS assessment (Kay et al. 1987) given to all patients either one week before the MRI scan or one week after it. All patients were medicated. Table S2 provides a summary of the demographic information and the psychiatric diagnosis of the participants, and fuller information is provided in the Supplementary material.
Data acquisition and preprocessing
All the Taiwan and COBRE imaging data were acquired using a 3-T Siemens Trio Tim MRI scanner with an 8-or a 12-channel phased array head coil. Participants were instructed to relax, hold still, keep their eyes closed, and think of nothing in particular. The Supplementary material provides additional details of the imaging acquisition.
Resting-state fMRI data were preprocessed using FMRIB Software Library (FSL) (Jenkinson et al. 2012) and Analysis of Functional NeuroImages (AFNI) (Cox 1996) . For each individual, the preprocessing steps included slice-timing correction (FSL slicetimer), motion correction (FSL mcflirt), spatial smoothing by a 3D Gaussian kernel (FWHM = 6 mm), despiking motion artifacts using the Brain-Wavelet Toolbox (Patel et al. 2014 ), registering to a 3 × 3 × 3 mm 3 standard space by first aligning the functional image to individual T1 structural images using boundary based registration (Greve and Fischl 2009 ) and then to standard space using FSL's linear and non-linear registration tool (FSL flirt and fnirt), white matter signal, cerebrospinal fluid signal. The global signal was not regressed out for reasons provided by (Cheng et al. 2016) . Care was taken to avoid any effects of head motion by regressing out nuisance covariates including Friston's 24-head motion parameters, and by excluding data from participants with any head motion >0.5 mm. In addition, mean head motion was regressed out of all analyses. Further, no significant differences in head motion were found between the patients and controls. No temporal filtering was used (in order to provide the best time resolution for the EC, but the linear changes in the blood oxygenation-level dependent (BOLD) signal time series were regressed out to remove any linear trends in the data).
We checked and confirmed that the main results shown in this paper, for example, the difference between the connectivity in the forward and backward directions in schizophrenia described below, were not found only with this filtering, for very similar results were obtained when the full dataset was re-preprocessed with the high pass temporal filtering set to the more usual 0.01 Hz, so that the temporal filter was 0.01-max Hz, as shown in the Supplementary material. All the images were manually checked to ensure successful preprocessing. The resulting time courses were used for the construction and analysis of the brain network.
After preprocessing, the whole brain (gray matter) was parcellated into 94 anatomically defined regions using the automated anatomical labeling atlas (AAL2; Rolls et al. 2015) that includes a useful parcellation of the orbitofrontal cortex. The time series were extracted in each region by averaging the signals of all voxels within that region. The names of the regions are provided in Supplementary Table S1 .
EC measurement
Introduction A classical approach to measuring EC is dynamic causal modeling (DCM) (Friston 2009; Valdes-Sosa et al. 2011; Bajaj et al. 2016) . DCM is often used with circuits consisting of a priori selected brain regions to test hypotheses on the interactions between the considered regions. Here we instead use a network model with simpler assumptions than those typically used in DCM to perform a large-scale connectivity analysis involving many brain areas (Gilson et al. 2016) . This allows for the very efficient calculation of maximum-likelihood EC estimates for a large number (94) of nodes, individually for a large cohort of participants. In this way we target significant EC differences for all existing connections (as determined by diffusion tensor imaging [DTI] ) that characterize schizophrenia with FDR correction and without preliminary knowledge, expecting a distributed pattern of abnormal EC links across the brain. Our estimation procedure (Gilson et al. 2016) iteratively optimizes a network model such that it reproduces the empirical cross-covariances between ROIs, which are canonically related to the cross-spectral density used in recent studies that apply DCM to resting-state fMRI data (Friston et al. 2014; Razi et al. 2017) . The model uses an exponential approximation of BOLD autocovariance (locally over a few TRs) and discards very slow-frequency fluctuations. Moreover, by using data without temporal filtering, we were able to dispense with a model of haemodynamic mapping neuronal activity to fMRI signals, as the corresponding time constants are faster (Friston 2002) . Finally, we place positivity constraints on extrinsic or between node connections-in line with known neuroanatomy and previous modeling studies (Marreiros et al. 2008) . A last simplification compared to DCM includes a fixed (but plausible) form of endogenous neuronal fluctuations ( in our model) that were characterized by a single (variance) parameter in each region or node. In spite of these differences, we still borrow the term "effective connectivity" from the DCM literature as our connectivity estimates relate to directional interactions between ROIs in the brain network. This model-based approach has been successfully applied to identify changes in the cortical coordination between rest and movie viewing , and to EC in depression .
Compared to DCM the new method used here (Gilson et al. 2016 ) is computationally more efficient and thus can analyze larger networks because it limits the degrees of freedom for each brain region by utilizing a simpler model of each brain region, and because it uses some structural connectivity information from, for example, DTI. Further, the new EC method focuses on transitions between fMRI "activity states" across successive time points (Mitra et al. 2015) and does not include details about hemodynamics like the Balloon model (Friston et al. 2000) . The estimated EC measures the strengths of causal interactions from one brain area to another, via the proxy of BOLD fluctuations; it provides a single number that lumps together the effects of the strength of the synapse, and neurotransmitter release, etc. The synaptic conductivity interpretation also relates to our earlier neuron-level models in which the synaptic conductivity between modules is a key parameter that specifies how much one module influences another module (Rolls et al. 2012) . The new method has the additional advantage that each brain region or module has its own parameter that specifies the variance of the module's activity, which may be related to the intrinsic excitability of the region. In relation to our integrate-and-fire models, the parameter w + that defines the strength of the recurrent collateral synapses within the attractor network (Rolls et al. 2012 ) may relate to the parameter in the current EC approach (Gilson et al. 2016) , because the local feedback influenced by w + influences the fluctuations of the activity, for example, how readily an area will transition to a high-firing rate state. That is, Sigma corresponds in the model to the spontaneous activity (its variance) of a region, and this propagates via the effective connectivities to the other nodes in the recurrent network. A higher value for Sigma compared relative to controls indicates more fluctuating activity, which could reflect a pathological increase of activity.
The EC model and algorithm used here is closely related to the linearized version of the DCM that is used for the resting state (Friston et al. 2014; Frassle et al. 2017 ) and for task-related fMRI . Although the hemodynamics of the filtering is properly modeled for DCM, the complex nonlinearity is simplified in the EC algorithm used here (Gilson et al. 2016) , which enables it to be applied to a whole-brain parcellation with many nodes (in this case, the 94 nodes of the AAL2 atlas). Instead of the model comparison used by DCM to find the best network topology, the current algorithm uses structural data (from DTI) to specify possible connections in the model, thereby simplifying the operation of the model because some links with no known anatomical connection are excluded. The implication is that significant differences of EC identified with this algorithm (here schizophrenia vs. controls) are expected to reflect significant changes in the corresponding DCM.
Within a cortical hierarchy of connectivity (e.g., from primary visual cortex V1 to the inferior temporal cortex; Rolls 2012b), the forward connections between any pair of cortical areas up through the hierarchy are thought to be stronger than the backprojections based on a wealth of evidence (Rolls 2016a) , and there are useful asymmetries in the terminations of the forward and backward projections that facilitate this (Pandya et al. 2015; Rolls 2016a) . This ensures that sensory input dominates the processing, rather than imagination. In the present investigation, we refer to the EC in terms of how region 1 influences region 2, and refer to forward and backward connectivity mainly in the Discussion. The EC algorithm used here was validated by the forward versus backward connectivities in the healthy controls. For example, the EC was greater from the inferior temporal cortex to the medial orbitofrontal cortex (0.04 vs. 0.03), which is predicted to be forward connectivity (Rolls 2016a (Rolls , 2019 . In another example, the EC was greater from the inferior temporal cortex to the parahippocampal gyrus (0.04 vs. 0.02), which is predicted to be forward connectivity (Rolls 2016a) . In another example, the EC was greater from the inferior temporal cortex to the hippocampus (0.03 vs. 0.02), which is predicted to be forward connectivity (Rolls 2016a) . Further examples can be seen in the whole Table of effective connectivities between all 94 AAL2 area in a different group of healthy participants available elsewhere .
Overview
The approach used to calculate EC follows that described by Gilson et al. (2016) . EC measures the individual efficacy of each existing connection between two brain regions, that is, how much one brain region influences another. Our approach provides a signature for each subject in the high-dimensional space of EC connections (>3000), which is then used to investigate differences between schizophrenia patients and healthy controls. The estimated EC values reflect the combined effects of synaptic efficacies between the regions, the types and concentrations of neurotransmitters in the target regions, etc.
The dynamics for each brain region are described by a multivariate Ornstein-Uhlenbeck process; each region receives fluctuating inputs (white noise) that propagates via the EC to other nodes, which shapes the correlation pattern at the global level, that is, the FC. Here the focus is on transitions of fMRI measurements across successive TRs, which have been shown to convey information about conditions such as waking versus sleeping (Mitra et al. 2015 ). The EC model captures this information via the covariances with non-zero time shifts (spatiotemporal FC) and the resulting EC contains information about directed connectivity. Both EC and the local input variance are optimized such that the model best reproduces statistics of observed fMRI signals measured by the empirical spatiotemporal FC, which are canonically related to the cross spectra used to tune a restingstate DCM (Friston et al. 2014) .
Details about the optimization are provided by Gilson et al. (2016) for resting-state fMRI data and are summarized next. The skeleton for the EC is provided by structural data obtained using DTI, from which we infer the existence of connections. This usefully reduces the number of parameters to estimate and enhances the estimation procedure at the level of individual subjects: from all possible 94 2 -94 = 8742 connections, we specify that many are not present anatomically as direct projections, so in the model we need to optimize only 39% of the possible connections. The DTI connectivity matrix was set to just 0 (no connection) or 1 (for a connection) between the AAL2 94 regions (Rolls et al. 2015) , based on the DTI atlas used by Gilson et al. (2016) . The algorithm thus limits the number of parameters being considered, by excluding connections in the model for which there is no anatomical basis for a direct connection between brain areas, and uses the structural connectivity in this way. A key advantage of the approach is that it does not have to limit the number of nodes considered in the EC model by any prior hypothesis involving selecting only some nodes for analysis, except those with no known direct anatomical connection. Because DTI may miss inter-hemispheric connections between homotopic regions between the two hemispheres (Hagmann et al. 2008; Messe et al. 2014 ), we set these as being present, and allowed the algorithm to tune the strengths of these just as for the other effective connectivities. In the present investigation the 1's in the connectivity matrix were the same as those established for the human brain and used previously (Gilson et al. 2016) . The AAL2 (Rolls et al. 2015) was used to parcellate the brain into 94 regions, because this number of regions provides a suitable number of FC links without too many degrees of freedom; because its parcellation of the orbitofrontal cortex region which is of special interest in relation to depression (Rolls 2016b) has been remade to relate to useful divisions and descriptions; and because it has been found to be useful in related investigations (Cheng et al. 2016) . Limiting the number of parameters to estimate in the whole-brain dynamic model is crucial to obtain robust individualized EC estimates. On the other hand, the AAL2 corresponds to about 3450 EC link parameters (for 39.46% density), which is a sufficiently rich space to extract complex patterns to differentiate between patients and controls. Our choice aimed to solve this trade-off. We note that this approach to the estimation of EC is being widely used (Gilson 2018; Gilson et al. 2018; Pallares et al. 2018; Senden et al. 2018) .
Empirical covariances:
For the resting-state session of each individual, we denote the centered (zero-mean) time series by s t i for region 1 ≤ i ≤ N with time 1 ≤ t ≤ T; the duration is T = 190 for the Taiwan dataset and T = 150 for the COBRE dataset. The zero-lag and 1-lag covariances are calculated as follows:
For each subject, we evaluate the time constant τ x associated with the exponential decay of the autocovariance functionQ τ ii averaged over all regions:
( 2 )
Dynamic cortical model:
The model comprised N = 94 interconnected cortical regions.
The activity x i of each region is governed by an Ornstein-Uhlenbeck process and evolves depending on the activity of other populations:
Here, the time constant τ x corresponds to an exponential decay and is calibrated from the empirical data (see Eq. 2); dB i is white Gaussian noise with covariance matrix Σ, where the input variances sit on the diagonal and are zero elsewhere. These input fluctuations propagate via the EC embodied by the matrix C (its skeleton is determined by DTI). All variables x i have zero mean and the theoretical spatiotemporal covariances are
, where the angular brackets denote averaging over randomness of the inputs; we use two time shifts: τ = 0 and τ = 1 TR. The mathematical mappings between matrices C, Q 0 , and Q 1 are given by Lyapunov equation JQ 0 + Q 0 J T + Σ = 0 and Q 1 = Q 0 expm J T , where the Jacobian of the dynamical system J ij = − δij τx + C ij depends on the mean activity of the network (δ ij is the Kronecker delta); the superscript T denotes the matrix transpose; expm denotes the matrix exponential. These two consistency equations allow for the quick estimation of the predicted FC matrices, without simulating the network.
In the current form of the EC algorithm, there is no hemodynamic model (Gilson et al. 2016) , but any possible difference in the hemodynamics between schizophrenics and controls is unlikely to account for the results described here, in that it is very unlikely, for example, that this could lead to the decrease in the forward connectivity and the increase in the backward connectivity for the links that are significantly different between schizophrenics and controls. Further, Figure 3A shows that in people with schizophrenia, across the whole brain the weaker EC links tend to be increased in strength relative to controls, and the strong EC links tend to be decreased in strength relative to controls (r = 0.39, P < 0.0001), and it is unlikely that any difference in haemodynamic responses between schizophrenics and controls would account for exactly these effects shown in Figure 3A . However, we note that it would nevertheless be of interest in future research to investigate possible differences in the haemodynamics between people with schizophrenia and controls, even though this is unlikely given the above arguments to be able to account for all the differences in the forward versus backward connectivity of almost all of the EC links described here that are significantly different in schizophrenia. Further information about the mathematical model is provided in the Supplementary material in the Section 'The dynamic cortical model for EC'.
Parameter estimation procedure:
We tune the model such that its covariance matrices Q 0 and Q 1 reproduce the empiricalQ 0 andQ 1 . We summarize the essential steps of the procedure described in Gilson et al. (2016) that iteratively optimizes the network parameters C and Σ. At each step, the Jacobian J is calculated from the current value of C. Then, the model FC matrices Q 0 and Q τ are calculated from the consistency equations, using the Bartels-Stewart algorithm to solve the Lyapunov equation. The desired Jacobian update is the matrix δJ T = Q 0 −1 δQ 0 + δQ 1 expm − J T , which aims to reduce the FC error between the empirical and model FC, as determined by the two difference matrices δQ 0 =Q 0 − Q 0 and δQ 1 =Q 1 − Q 1 . Finally, the connectivity update is δC ij = η C δJ ij for existing connections. We impose non-negativity of the EC values during the optimization. The input variances are tuned according to δΣ ii = −η Σ JδQ 0 ii + δQ 0 ii J T . We use η C = 0.0001 and η Σ = 0.1.
The approach has been shown to be robust, in that it has been shown that the EC measured in this way conveys relevant information about subject and (task) conditions, thereby making EC a useful connectivity measure for biomarkers (Pallares et al. 2018 ). EC measured with this algorithm was found to be more robust than FC in an analysis of this issue (Pallares et al. 2018 ). The choice of η C and η Σ is in line with a previous study that explored the estimation of EC (Gilson et al. 2016) . They are also in a similar range to those used for biomarkers (Pallares et al. 2018) .
The EC algorithm produces values for the EC between every pair of nodes (apart from those set to zero by the anatomical mask) in the AAL2 atlas, and every connection in the resulting EC matrix is a direct connection. For clarification, the optimization method that tunes the EC weights takes into account the network effects (Gilson et al. 2016 ). This means that the observed correlations (FC0 and FC1) are generated by the EC weights while incorporating indirect interactions. In essence this is like partial correlations compared to Pearson correlations for a graphical model, the former often being a sparse matrix even when the second is a full matrix. Of course, it is possible that any one node in the model may have internal connections in addition to those being measured by the algorithm, with one example being the hippocampus which has dentate to CA3 to CA1 internal connectivity (Rolls 2018) . The algorithm deals with the interaction of the specified nodes, and not of all the internal interactions between the neurons within each node. But the EC algorithm (Gilson et al. 2016) itself does measure direct effects between the nodes in the model, which in the present research are the 94 brain areas in the automated anatomical labeling atlas AAL2 (Rolls et al. 2015) .
In addition, the EC algorithm does allow negative effectivity connectivities to be calculated, which might reflect, for example, inhibition from one area to another, but when this was checked, any negative EC values in the AAL2 matrix were few and small in magnitude, with only one exceeding a threshold of −0.03, and only 35/3450 link parameters between −0.01 and −0.03. In further checks, it was found that the correlation between the EC values with the standard clipping of effective connectivities at zero and allowing them to become negative was high (r = 0.99, across the whole group and for all links), so that the conclusions reached in this paper are very little affected by whether the links are clipped at zero or not. Further, the finding reported in the results below that the difference between the forward and backward effective connectivities was lower in schizophrenia was confirmed also when the algorithm was allowed to run with effective connectivities that could assume negative values. For example, the difference between the forward and backward effective connectivities was considerably smaller in the schizophrenia group than in the controls (t = 3.77, P = 1.86e-4) with the clipping at zero as shown below. This finding was confirmed when there was no clipping of effective connectivities at zero (t = 4.86, P = 1.7e-6).
The goodness of the fit of the model used to generate the EC to the empirical data was assessed as follows. The correlation between the FC produced by the EC model and the empirical FC measured between all AAL2 areas was 0.67 (with 0.08 standard error), which provided evidence of a satisfactory operation of the model, in line with what was reported by Gilson et al. (2016) .
Normalization of model estimates:
Normalization of the EC within each individual was performed by performing the z-score over the matrix elements for each EC matrix within each participant: (EC ij -mean (EC ij ))/std (EC ij ) for all EC links (performed over existing links corresponding to 1's in the structural connectivity matrix). The aim of this was to enable each participant's data to contribute similarly to the statistics calculated across participants. We note that small effective connectivities will appear in the tables in this paper as negative, but this is only due to the removal of the mean value. All EC links computed by the algorithm are in fact positive. Any difference between patients and controls that is described as negative in fact refers only to a decrease of EC. A similar normalization within each individual was used for the values. An increase of a value can be interpreted as an increase of the variance in an AAL2 region. These normalisations were used for the statistical calculations. Table 1 shows the mean of the EC values not normalized (because a negative EC would have no meaning). Table 2 shows the mean of the values normalized within each participant because this better reflects the statistical values.
Statistical analysis of EC
Two-tailed, two-sample t-tests were performed on the normalized EC to identify significantly altered EC links in patients compared to controls within each imaging center that provided resting-state fMRI data. The effects of age, gender ratios, head motion, and education were regressed within each dataset (Barnes et al. 2010; Di Martino et al. 2014) . After obtaining the t-test results for each center, the Liptak-Stouffer z-score method (Liptak 1958 ), which has been described in detail in our previous studies (Cheng et al. 2015a (Cheng et al. , 2015b (Cheng et al. , 2016 , was then used to combine the results from the individual datasets. We note that in DCM, a threshold value for the EC may be applied, to make it likely that only biologically relevant values are considered (Stephan et al. 2010 ).
In the current investigation we considered only EC values greater than a threshold value of 0.03 for a similar reason, and note that this provides a way to limit the number of links considered to a tractable set. The conclusions for the links described here would not be affected if a different threshold was chosen. In particular, altering the threshold does not alter the significance of the links, but merely how many links are assessed for significance. With a threshold of 0.03, 196 links were significantly different between schizophrenics and controls (P < 0.01 FDR corrected). When a lower threshold of 0.02 was used, more links were found to be significantly different between schizophrenics and controls, but all of the 196 links reported here were still present, so the results reported are robust to different thresholds. In general, the additional links selected with a threshold of 0.02 were less significantly different between schizophrenics and controls, and are not considered further here.
Analysis in terms of forward versus backward connectivity
The connections between adjacent cortical areas in a sensory hierarchy can usually be classified as forward (from the sensory input) versus backward (from an upper region in the hierarchy to the preceding region) (Rolls 2016a ). Forward connectivity is often characterized by connections from layer 2-3 pyramidal cells forwards to layers 4, and 2 and 3, of the next cortical area. Backprojections between adjacent cortical areas in a hierarchy typically arise from the deep layers of the cerebral cortex, mainly layer 5, and project back mainly to layer 1 of the preceding cortical area (Markov et al. , 2014a (Markov et al. , 2014b Rolls 2016a) . Give the termination on the apical dendrites in layer 1, far from the cell bodies, the backprojections are likely to be weaker than the forward connections, with effects reducing the backprojecting efficacy including shunting on the dendrites produced by other inputs to pyramidal cells. It is also crucial for attention and memory recall that the top-down or backprojections are weaker than the forward connections, so that attentional biasing and memory recall does not dominate over bottom-up forward inputs (Rolls and Deco 2002; Fuster 2008; Rolls 2016a) . In areas of the brain apart from sensory hierarchies there may also be similar asymmetries for systems level functional reasons, for example, that short-term memory processing in prefrontal cortical areas does not dominate perceptual processing in the temporal and parietal areas that utilize the prefrontal cortex for short-term memory (Goldman-Rakic 1996) . Because this asymmetry of the strength of the connectivity between brain regions is so important functionally, and usually has an anatomical basis, we have designated some of the effective connectivities analyzed in this investigation as forward or backward based on the strengths in each direction, as well as information about the anatomy of the different brain areas being connected (Rolls 2016a) . It is at the same time the case that the effective connectivities can change to some extent based on whether sensory inputs versus memory recall (for example) is being performed, but nevertheless the forward and backward connectivity difference between many brain areas is large (as shown in the Results), and the concept of forward versus backward connectivity is utilized in this paper as an interesting way to characterize the functional differences that may be different between the patients and the controls.
Clinical correlates
We also investigated whether the differences in EC between patients and controls were correlated with symptoms assessed by the PANSS and illness duration. We used the Liptak-Stouffer z-score method (Liptak 1958) to combine the data from the different neuroimaging sites for this analysis, for this provides a principled way to take into consideration possible differences in these measures between sites. Specifically, we calculated the partial correlation between the normalized effective connectivities and the clinical scores, with head motion, age, sex, and education as covariates so that they did not contribute to the correlation between the ECs and the clinical scores, in each individual center. Then we used the Liptak-Stouffer z-score method to combine the results from the individual datasets (Liptak 1958 ).
Classification of individuals as with schizophrenia or controls using the EC
To further test the connectivities as diagnostic features for schizophrenia, we applied a support vector machine (SVM) approach using the whole EC or FC matrix as a biomarker to test how well this could discriminate schizophrenia patients from the healthy controls. These SVM classifiers were implemented by using MATLAB's fitcsvm.m, fitPosterior.m, and predict.m functions. Specifically, the polynomial kernel was used in the SVM classifier. All parameters including regularization parameter C, the polynomial kernel function order and the loss function were determined by the default setting of MATLAB. Table 1 shows the top 80 links with the most significant differences in EC between patients with schizophrenia and controls. In order to focus on links with a reasonable strength of EC that is likely to be meaningful in value as well as significantly different in schizophrenia, links are shown if their EC value in either direction exceeds the threshold of 0.03, and if there is a significant difference between patients and controls using FDR correction (corrected P < 0.01) for multiple comparisons, for which the significance level must be P < 0.0012 (Benjamini and Hochberg 1995) . Figure 1 shows similar information in diagrammatic form, and includes all links (196 links in total) that satisfy the two criteria just described. Figure 2A shows these links between AAL2 nodes on views of the brain. Figure 2B shows the main areas with on average increases or decreases in their EC directed to other areas (Fig. 2C ) in schizophrenia. Together, Figures 1 and 2 and Table 1 show, for example, that the main area with increases in EC directed toward other brain areas is the precuneus (and to a lesser extent the right precentral gyrus). Areas with mainly decreases in FC directed to other brain regions in schizophrenia include the parahippocampal gyrus, temporal cortical areas, the anterior cingulate cortex, and medial prefrontal cortex (Fig. 2B) . Supplementary Table S1 . The effective connectivity matrix has the index j for the columns and the index i for the rows. The matrix is thus non-symmetric, and the effective connectivity is always from j to i. The effective connectivity between any pair of links is shown in one direction in the upper right of the matrix, and in the opposite direction in the lower left.
Results
Differences of EC between patients with schizophrenia and controls
Source regions of altered EC
Some of the quantitative changes in EC for the main regions are summarized in Tables 1-3, which show not only the statistically significant differences in EC in schizophrenia, but also the EC values in both directions in both the healthy controls and the patients with schizophrenia, as follows. Figure 1 complements this description. ( Supplementary Tables S3 and S4 show the FC differences between the patients with schizophrenia and the healthy controls, for comparison). First, the precuneus has high effective connectivities in schizophrenia directed to areas that include the parahippocampal and hippocampal cortices, temporal, fusiform and occipital areas, and superior parietal and paracentral cortices ( Table 2) . The direction of this increase of EC is the direction that is the weaker, which we refer to as a backprojection. The EC is almost not different between schizophrenics and controls in the forward direction.
Second, the EC from the closely related posterior cingulate cortex (PCC) to parahippocampal and temporal cortices is higher in schizophrenia (Table 2 ). The direction of this increase of EC is the direction that is the weaker, which we refer to as a backprojection. The EC is almost not different between schizophrenics and controls in the forward direction.
Third, the effective connectivities from the parahippocampal cortex to temporal, occipital, and calcarine mainly visual areas is lower in schizophrenia. This is the stronger direction of the connectivity. Some of these reduced effective connectivities were to medial orbitofrontal cortex areas (Rectus, OLF) and the insula.
Fourth, the EC from the temporal pole to medial orbitofrontal cortex areas (Rectus, OFCmed, OFCpost, Frontal_Med_Orb (ventromedial prefrontal cortex), OLF) were lower in schizophrenia. This is the stronger direction of the connectivity. The effective connectivities from temporal cortical areas to other temporal cortical areas and to occipital, calcarine, and lingual areas were also lower in schizophrenia.
Fifth, the fusiform gyrus (involved in face and other visual perception) has low EC in schizophrenia to the lateral orbitofrontal cortex (FrontalInfOrb2, involved in non-reward), to the precuneus and cuneus, and to early visual cortical areas. This is the stronger direction of the connectivity.
Sixth, the anterior cingulate cortex and the adjoining superior medial prefrontal cortex have low EC in schizophrenia to cingulate cortex regions.
Seventh, Heschl's gyrus (auditory) has low EC to temporal and some other areas. Figure 2. (A) Differences in effective connectivity between patients with schizophrenia and controls. The links shown are those with significantly different effective connectivity after FDR P < 0.01 correction. Yellow indicates that the effective connectivity is increased in patients, and blue that it is decreased. (B) The AAL2 atlas areas from which the effective connectivities were significantly different in patients with schizophrenia. (C) The AAL2 atlas areas to which the effective connectivities were significantly different in patients with schizophrenia. There were 196 such links in (B) and (C) significant with FDR correction, P < 0.01, and with effective connectivity values in at least one direction that were greater than 0.03.
Eighth, a number of motor/somatosensory regions (e.g., precentral, postcentral, paracentral, supplementary motor area) have low EC to other motor and other areas (Tables 1 and 2) . Tables 1 and 3 show areas that receive different EC from other areas in schizophrenia.
Target regions of altered EC
First, the parahippocampal gyrus receives increased EC in schizophrenia from temporal cortex areas (involved in perception), from the precuneus (involved in the sense of self), and from the posterior cingulate (involved in memory). This is the weaker direction of the connectivity.
Second, many temporal cortical areas and early visual cortical areas receive low EC in schizophrenia. Third, many motor and somatosensory areas receive low EC in schizophrenia. Figure 3A makes the interesting point that strong effective connectivities tend to decrease in schizophrenia; and weak effective connectivities to increase in schizophrenia. Figure 3B makes a similar point for the functional connectivities in schizophrenia. This may be one prototypical rule for the changes in effective and FC in schizophrenia.
Forward EC links tend to decrease in schizophrenia, and backward to increase in strength
We hypothesized that what is shown in Figure 3A might be because in schizophrenia the stronger EC between any two areas, which normally conveys information forward from one cortical area to another from, for example, the sensory input up through a cortical hierarchy (Rolls 2016a) , might tend to be reduced; and the weaker, "backward" or "top-down" effective connectivities might increase or show less difference in schizophrenia. To assess this, for each of the 196 links that had significantly different effective connectivities in schizophrenia, the forward versus backward direction was defined using the mean values from the whole group (controls and schizophrenics). (The forward direction was defined for the present analyses as the direction in which the EC was stronger.) Then the mean difference across participants between the value in the controls and the patients was calculated for each link. This was done separately for the forward and the backward link directions. A paired t-test was then performed of these differences across all 196 links. The t value for the forward links was −3.19, indicating that these links had lower values in the Forward direction in schizophrenia than in controls (P = 0.0017). The t value for the Backward links was 2.02 (P = 0.045), indicating that the mean of these links in the backward direction was higher in schizophrenia than in controls. The difference between the forward and backward effective connectivities was considerably smaller in the schizophrenia group than in the controls (t = 3.77, P = 1.86e-4).
In summary, these analyses provide evidence that for the effective connectivities that are significantly different in schizophrenia, the strength in the forward direction is smaller in schizophrenia, and in the backward direction is significantly higher in schizophrenia (as shown in Supplementary Fig. S2 and in the Supplementary material).
As a control to test whether these effects were specific for schizophrenia, the same analyses were performed in datasets of 338 individuals with major depressive disorder and 350 controls; and of 394 people with autism and 473 controls. The results are shown in Supplementary Figure S2 and show that for the significantly different effective connectivities in schizophrenia, on average the forward (stronger) effective connectivities were smaller, whereas the backward connectivities were little different or a little higher, in schizophrenia. The same selective lower forward EC was not found for the same links in separate populations with depression and with autism, suggesting that this pattern of smaller forward connectivity in schizophrenia for these links and relatively similar backprojections was characteristic of the population with schizophrenia. Details are provided in the Supplementary material.
Correlation between the effective connectivities and the schizophrenia symptom scores and the duration of the illness
The correlations between the mean PANSS scores for the positive, negative, and general symptoms, and for the total PANSS score (PANSS), and the illness duration, are shown in Table 4 .
Most of the correlations were negative, indicating that weaker effective connectivities were associated with more severe symptoms. However, primarily for the precuneus, the correlations were positive, indicating that for the precuneus increased EC was associated with more severe symptoms.
For the precuneus, 11 of the EC links were correlated with the positive symptom PANSS score, including links to the hippocampus, temporal and fusiform cortex, parietal cortex, and occipital cortex. Four of the precuneus links were associated with the negative score, and five (mostly to occipital areas) with the general PANSS score.
The low effective connectivities in schizophrenia from the fusiform gyrus were especially associated with illness dura- Normalization of was used across participants, applied in the same way as for the effective connectivity. Red-yellow indicates AAL2 regions with increased , and blue with decreased , in patients with schizophrenia (see Table 2 ). tion. The low effective connectivities from the parahippocampal gyrus in schizophrenia were associated with the negative and general PANSS scores, and with illness duration. The low effective connectivities from the temporal cortical areas were especially associated with the negative and general PANSS symptoms and with illness duration. In summary, the positive symptoms were especially likely to be associated with high effective connectivities from the precuneus; and the negative and general symptoms with low effective connectivities from areas such as the fusiform, temporal, and parahippocampal areas. Figure 4 and Table 5 show the differences in sigma in the population with schizophrenia.
Differences in sigma in schizophrenia
Sigma is high in schizophrenia in areas such as the parahippocampal gyrus and hippocampus; the temporal pole; the superior frontal gyrus; the lateral orbitofrontal cortex; and the caudate nucleus and supplementary motor area. This is consistent with greater signal fluctuations in these regions. The result obtained with the approach used here is consistent with a previous finding that voxel-wise signal variance was increased in schizophrenia (Yang et al. 2014 ).
Sigma is low in schizophrenia in areas such as the cuneus, early visual cortical areas, Heschl's gyrus (auditory), and somatomotor areas such as the postcentral and precentral gyri.
Differences of FC between patients with schizophrenia and controls
For reference, we show in Supplementary Table S3 the top 80 links with the most significant differences in FC (measured by the Pearson correlation) between patients with schizophrenia and controls. Supplementary Table S4 shows the functional connectivities for the top 80 links with the most significant dif-ferences in EC between people with schizophrenia and controls. The first point of interest is that all the functional connectivities in these sets of links (apart from 1) were lower in schizophrenics than controls, whereas for the effective connectivities, higher effective connectivities were found for some precuneus and PCC effective connectivities ( Supplementary Table S4 ). Second, there were 196 effective connectivities that were significantly different with FDR correction (P < 0.01) between schizophrenics and controls, whereas there were 3050 FC links that were significant with FDR (P < 0.01), and 1411 with Bonferroni correction (P < 0.01, see Fig. S1 ). The large number of significantly different functional connectivities in this analysis is of interest. We note that this is the first time that we have used unfiltered data for the functional connectivities. Third, prominent among the most different functional connectivities between schizophrenics and controls were links involving the inferior frontal gyrus and the motor cortex (Rolandic operculum).
These comparisons are of interest, for they elucidate one way in which effective connectivities can provide information that is not available from the functional connectivities.
Prediction of schizophrenia from the EC and FC
To further test the connectivities as diagnostic features of schizophrenia, we applied a SVM approach using the whole EC and FC as a biomarker to test how well this could discriminate schizophrenia patients from the healthy controls. We used a 10-fold cross-validation strategy to estimate the generalization of this classifier and to estimate its accuracy, sensitivity, and specificity. Table 6 shows that it is possible to predict (using an SVM) schizophrenia from the EC in the COBRE dataset from the Taiwan dataset and vice versa with a mean accuracy of 75.3%. This is a useful cross-validation. Table 6 also shows that this cross-validation prediction is a little better from the EC (75.3%) than from the FC (72.83%). Further, with the two datasets combined, the prediction of schizophrenia from the effective connectivities was 84.81%, and from the functional connectivities was 80.04% (Table 6 ). The importance of the EC links involving the precuneus is attested to by the results shown in Supplementary Table S5 , which show that the prediction from the effective connectivities of who is schizophrenic is 69.02% correct based only on the precuneus effective connectivities.
Discussion
A key finding of this investigation in schizophrenia is the high EC directed away from the precuneus and the closely related PCC (Figs 1, 2 , and 5 and Tables 1 and 2). The connectivity in the strong (or forward) direction in schizophrenia to the precuneus is similar to that in the healthy controls, and it is in the weak direction that the EC is higher in schizophrenia than in controls. An implication is that the normally weak backprojections from the precuneus to the areas that project to the precuneus are higher in schizophrenia than in controls. It is suggested that by influencing other areas too much by its backrojections, the precuneus may contribute to the symptoms of schizophrenia. The areas to which the backprojections from the precuneus are higher in schizophrenia than in controls include the parahippocampal and hippocampal cortices (Tables 1 and 2) . The areas to which the backprojections from the PCC are higher in schizophrenia than in controls include the parahippocampal and temporal cortices (Tables 1 and 2) . We should therefore consider what the functions are of the precuneus and PCC. The precuneus is a medial parietal cortex region implicated in the sense of self, agency, autobiographical memory, and spatial function (Cavanna and Trimble 2006; Freton et al. 2014) , and this may relate to the altered sense of self that is a feature of schizophrenia. The precuneus and the adjoining retrosplenial cortex (areas 29 and 30) (Kobayashi and Amaral 2000 , 2003 , 2007 (both included in the AAL2 area precuneus used here; Rolls et al. 2015) are key regions related to spatial function, memory, and navigation (Cavanna and Trimble 2006; Freton et al. 2014; Bubb et al. 2017) . The retrosplenial cortex provides connections to and receives connections from the hippocampal system, connecting especially with the parahippocampal gyrus areas TF and TH, and with the subiculum Amaral 2003, 2007; Bubb et al. 2017) . The precuneus can be conceptualized as providing access to the hippocampus for spatial and related information from the parietal cortex (given the rich connections between the precuneus and parietal cortex; Amaral 2003, 2007; Vogt 2009 ). This increased EC from the precuneus to the hippocampal system is of special interest as it may contribute to the overactivity of the hippocampus in schizophrenia, which is consistent with the high sigma parameter in schizophrenia discussed below. Further, the precuneus has rich connectivity with the PCC (Vogt 2009 ), which provides a pathway into the hippocampal memory system (Rolls 2018; Rolls and Wirth 2018) . The precuneus is part of the default mode network, which becomes more active when tasks are not being performed in the world, and instead internal thoughts and processing are occurring.
The PCC is also a key region of the default mode network with strong connectivity in primates with the entorhinal cortex and parahippocampal gyrus, and thus with the hippocampal memory system (Vogt and Pandya 1987; Vogt 2009; Bubb et al. 2017) . The posterior cingulate region (including the retrosplenial cortex) is consistently engaged by a range of tasks that examine episodic memory including autobiographical memory, Figure 5 . Summary of some of the main differences in effective connectivity in schizophrenia. The source regions (Region 1) are shown in the upper view of the brain, and the target regions (Region 2) in the two lower views of the brain. The AAL2 areas with these differences show higher effective connectivity in red to yellow; and lower effective connectivity in blue. The two main higher effective connectivities are shown here. Further lower effective connectivities were found than can be indicated in arrows, with the further details shown in Tables 1 and 4. and imagining the future, and also spatial navigation and scene processing (Auger and Maguire 2013; Leech and Sharp 2014) .
The proposal that we now make based on the findings described here and the evidence about the functions of the precuneus and PCC just considered is that the high backprojection effective connectivities from the precuneus may relate to increased internal thoughts about the self in schizophrenia, the world in which the self exists, and the relatively greater role of these internal thoughts that are not dominated by the sensory inputs from the word, which normally keep the self in contact with the real world and with real-word inputs. Correspondingly, we propose that the high backprojection effective connectivities from the PCC in schizophrenia may relate to increased memoryrelated internal thoughts involving relatively higher dominance of memories over the normal forward real-world sensory inputs that normally keep us in contact with the real world.
Consistent with this relative dominance of backprojection inputs from the precuneus and PCC over bottom-up sensory and related inputs from the real world, we found that most other effective connectivities that were different in schizophrenia involved low effective connectivities. These included low effective connectivities from Heschl's gyrus to temporal and some other areas, which might reduce the effects of external auditory input relative to internally generated auditory-related phenomena such as hearing internally generated voices. Perhaps correspondingly, the fusiform gyrus (involved in face and other visual perception; Kanwisher et al. 1997; Caspers et al. 2015) has low EC in schizophrenia to the lateral orbitofrontal cortex and to the precuneus and cuneus, which may reduce the impact of signals from the real world relative to internally generated scenarios. Thus, the proposal we make is that the reduced forward inputs to high-order areas such as the precuneus and PCC involved in the sense of self and of memories about the self, and the increased backward projections from the precuneus and PCC, lead to internally generated scenarios about the self becoming detached from and dominating the forward inputs normally brought to these regions from the real world. Figure 3A makes the interesting point that strong effective connectivities tend to decrease in schizophrenia; and weak effective connectivities to increase in schizophrenia. Figure 3B makes a similar point for the functional connectivities in schizophrenia. In both cases, an important point is that there is a negative correlation between the difference in effective (or functional) connectivity in schizophrenia and the connectivity value. This may be one prototypical rule for the changes in effective and FC in schizophrenia. The decrease in the strong effective connectivities is consistent with the disconnection hypothesis (Friston and Frith 1995) . An implication is that the difference between the forward (defined as stronger) and backward (defined as weaker) EC between a pair of brain areas tends to be reduced in schizophrenia. As shown in the Results, across all links the forward connectivities (i.e., in the stronger direction) tended to be weaker in schizophrenia, with relatively little difference for the backward effective connectivities (those in the weaker direction). Moreover, this pattern was not found in the same way for the same EC links in two other mental disorders, depression and autism. An implication of this is that the feedforward sensory inputs from the world are less effective in schizophrenia; and that the top-down backward connectivities that mediate the effects of memory recall and attention (Rolls 2016a) show little difference in schizophrenia. This would tend to disconnect the individual from the world; and enclose the patient in an imaginary world too dominated by internal representations not corrected toward reality by sensory information from the world. Put in another way, if top-down signals are increased relative to bottom-up signals this would increase the importance of priors, that is, beliefs, at the cost of sensory signals, representing a possible mechanism for the emergence of hallucinations and delusions (Tschacher et al. 2017) . In this sense, the present findings go beyond the disconnection hypothesis of schizophrenia (Friston and Frith 1995) .
Another finding was of reduced effective connectivities between somatomotor and related areas (Tables 1, 2, and 3), and these may relate to the reduced sense of agency and being in control in schizophrenia.
Sigma was high in schizophrenia in the parahippocampal gyrus and hippocampus. This is consistent with greater signal (or signal fluctuations) in these regions. Consistent with this, hippocampal glutamate is increased in unmedicated schizophrenia, and a decrease of regional cerebral blood flow in the hippocampus produced by antipsychotics correlates with their efficacy (Birur et al. 2017) . It is suggested that the reduced GluN1 receptor in the dentate gyrus may decrease pattern separation in the dentate (Das et al. 2014; Scott and Tamminga 2018) , and lead to increased less sparse firing in CA3, which may make memories more similar to each other in schizophrenia, and promote a low memory capacity and frequent entries into the same few basins of attraction, corresponding to being confined to a space with a few over-stable memories. The high EC from the precuneus to the hippocampal system may contribute to the hippocampal overactivity in schizophrenia, we suggest.
The lateral orbitofrontal cortex, the temporal pole, and superior frontal gyrus also had a high sigma in schizophrenia. In the case of the temporal pole, it had reduced effective connective directed to a number of regions (Tables 2 and 3 ).
Sigma is low in schizophrenia in areas such as the cuneus, early visual cortical areas, Heschl's gyrus (auditory), and somatomotor areas such as the postcentral and precentral gyri. This is consistent with low-signal fluctuations in these regions in schizophrenia, and is also consistent with the hypothesis described above that there is reduced forward input from the world in schizophrenia, relative to the greater influence of top-down backprojections from areas such as the precuneus and PCC.
An important advantage of EC compared to FC in this investigation is that the EC measure shows that it is EC directed away from the precuneus and PCC that is increased in schizophrenia. An implication is that these are key regions that underlie schizophrenia. Moreover, as shown here, these normally weak backprojection effective connectivities from the precuneus are not only stronger in schizophrenia, but are correlated with the positive symptoms of schizophrenia. Another important advantage is that the measurement of EC enabled the discovery that the forward effective connectivities are reduced more than in the backward direction for the significantly different connections in schizophrenia (Fig. 5) , which could not have been analyzed or understood with measures of FC, which reflect correlations and not directed effects between areas.
In the present investigation lower effective connectivities were found between many brain regions in schizophrenia (Tables 1-3; Figs 1-3) . This is consistent with the hypothesis that one of the changes in schizophrenia is increased noise in these areas, due to reduced stability of cortical attractor networks in some brain regions (Loh et al. 2007a (Loh et al. , 2007b Rolls et al. 2008; Rolls and Deco 2011; Rolls 2012a) .
The findings described here point toward two key potential advances in understanding the neurological basis of schizophrenia. First, increased EC from systems involving the precuneus, and PCC that are implicated in representations of the self, agency, and autobiographical memory may be a contributor to the often changed sense of self and agency in schizophrenia. Second, the generally reduced forward EC, but relatively similar backward EC, in schizophrenia compared to controls, may tend to result in over-emphasis on the internal world, with relative disconnection from the reality of the external world. This paper shows how taking EC into account can be very important in understanding the functions of the cerebral cortex, because it enables the forward and the backward connectivity between every pair of brain regions to be estimated. Having stronger forward than backward connectivity is crucial for the operation of many cortical systems, including systems for sensory processing, memory storage and recall, and top-down attention (Rolls 2016a) , and the approach utilized here enables this issue to be investigated for a large number of different cortical and related areas. In this paper, we show how this may be important in understanding some mental disorders, such as schizophrenia.
